ABSTRACT: Nanoporous thin films were prepared from poly(ethylene oxide)-b-poly(methyl methacrylate)-bpolystyrene (PEO-b-PMMA-b-PS) ABC triblock copolymer by solvent annealing under high relative humidity followed by UV degradation and acid washing. Ordered half-spheres at the surface that template ordering of spheres below the surface in thin films were formed as a result of the interaction between the hydrophilic PEO segments and water vapor during processing. The spherical block copolymer domains exhibit complex packing behavior on the surface and in the interior. A half-sphere "monolayer" and a half-sphere plus whole sphere "bilayer" were formed in thin films with thicknesses of 43 and 71 nm, respectively, and have hexagonal lattice symmetry. For half-sphere plus two whole sphere "trilayers" with a nominal thickness of 117 nm, coexistence of regions of hexagonal and square packing was observed by transmission electron microscopy, scanning force microscopy, scanning electron microscopy, and grazing-incidence small-angle X-ray scattering. Square packing was consistent with a surface-truncated unit cell of a body-centered cubic lattice with the (100) plane parallel to the surface.
Introduction
The self-assembly of block copolymers in thin films has drawn much attention due to its potential applications in microelectronic devices, data storage system, membranes, etc. [1] [2] [3] [4] [5] Ordered arrays of spheres, cylinders, and lamellae with controlled size and center-to-center distance can be achieved through manipulation of molecular weight, block volume fractions, and segment-segment interactions, i.e., the Flory parameter . 6, 7 In thin films, 2D confinement and surface/substrate interactions are additional key parameters that affect ordering behavior. 8, 9 In order to induce both orientational and positional ordering of thin film block copolymer domains, many strategies have been developed that use for example electric fields, 10 graphoepitaxy, 11, 12 shear, 13, 14 neutral surfaces, 15, 16 chemically patterned substrates, 17 solution evaporation, 18 zone casting, 19 and crystallization. 20 While the ordering of cylindrical and lamellar block copolymer films have been extensively explored, block copolymers with spherical domains also present an interesting model system for investigating ordering behavior in thin films. [21] [22] [23] [24] It is wellestablished from transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) studies that block copolymer spheres adopt an equilibrium body-centered cubic (BCC) arrangement in the bulk. [25] [26] [27] However, when confined to a 2D thin film monolayer, the equilibrium structure of spheres is close-packed hexagonal (HEX). The different ordered arrangement of diblock copolymer spheres in two dimensions and in three dimensions can be explained by a competition between the tendency to minimize any nonuniform deformation of the matrix chains that need to fill the matrix space and the tendency to maintain uniform interfacial curvature to minimize block-block interfacial energy. [27] [28] [29] Recently, Stein et al. reported in detail on the transition from 2D to 3D packing in spherical-domain block copolymers under equilibrium thermal annealing using a combination of grazingincidence small-angle X-ray scattering (GISAXS) and TEM techniques. 30 They found hexagonal symmetry in films 1, 2, 3, and 4 layers thick with the close-packed planes of spheres exhibiting A, AB, ABA, and ABAB stacking. At 5 layers, the hexagonal symmetry breaks to form an orthorhombic phase, characterized by the ratio of second/first nearest-neighbors distances a 1 /a 2 and the lattice angle . As the number of layers is increased, a 1 /a 2 and increase continuously to approach their corresponding values for BCC (110) planes. Self-consistentfield theory calculations provide a semiquantitative description of the transition and the insight that it is a consequence of competition between the optimal HEX packing at the film surfaces with the preferred BCC (110) inner layer packing in the bulk. 31 Among the strategies to induce ordering, directional solvent evaporation is very promising for submicron lithography due to its simplicity and low processing costs. 18, [32] [33] [34] [35] [36] In principle, the rate of evaporation and evaporation-induced solvent flow can be manipulated to guide the orientated growth and positioning of microdomains. Evaporation results in a solvent concentration gradient, which induces the ordering that starts from the surface and propagates toward the interior and eventually throughout the entire film. Recently, the Russell group reported manipulation of the growth and orientation of polystyrene-bpoly(ethylene oxide) (PS-b-PEO) diblock copolymer cylinders perpendicular to the surface and substrate through solvent annealing under controlled humidity conditions. [37] [38] [39] The absence of good orientational ordering under low-humidity condi-tions indicates that for block copolymers with a hydrophilic segment (PEO) the ordering mechanism is more complicated than that assumed by the description of directional solvent evaporation presented above. This view is further buttressed by PS and PEO block copolymers containing poly(methyl methacrylate) (PMMA) through either blending 38 or covalent bonding (e.g., ABC triblock copolymers 40 ). In this case, the PEO blocks are believed to induce ordering whereas the PMMA functions as a sacrificial block to produce nanoporous materials under UV degradation. The importance of the PEO and its interaction with water is underlined by a recent report of a PEO/ humidity controlled transition from a lamellar PEO-b-PMMAb-PS triblock copolymer thin film at low humidity to a hexagonally perforated lamellar (HPL) structure with PEO perforations to the surface at high humidity. 41 A similar conclusion can be drawn from a report of the induction of the formation of oriented PMMA cylinders of a PS-b-PMMA block copolymer perpendicular to the film plane by adding PEO-coated Au nanoparticles to a solution that was processed by directional solvent evaporation under high-humidity conditions. 42 At low humidity, or at any humidity in the absence of the PEO-coated Au nanoparticles, no orientation and poor order were observed.
Multiple phenomena should be taken into account to explain the morphologies that result from solvent annealing. Solvent evaporation generates a concentration gradient normal to the surface. Microphase separation first takes place on the surface, generating an ordering front, which propagates through the whole film. The directionality of solvent evaporation can be used to explain the high orientational order of cylinders and lamellae normal to films provided that both domains order simultaneously at the surface. Such orientation has been reported by numerous groups 18, 32, 34, 35, 37, 40 but requires that the surface energies of the domains be similar under the ordering conditions.
Traditionally, films of ordered spherical domains have been created by a slow thermal annealing process, which allows sufficient time for chain diffusion and structural reconstruction, and thus these films approach their thermodynamic equilibrium structure. 30, 31, [43] [44] [45] [46] [47] [48] [49] However, for the much faster process of solvent annealing and evaporation under controlled humidity, chains must diffuse and reorganize within a time several orders of magnitude shorter than those used for thermal processing. Under such conditions, the surface and interior reconstruction is unlikely to result in an equilibrium structure. The transformation of an equilibrium lamellar structure in PEO-b-PMMA-b-PS triblock copolymers to a nonequilibrium HPL structure under high-humidity solvent annealing is a case in point. 41 It is well-known that ABC triblock copolymers have much richer and more complicated structures as compared to simple AB diblock copolymers. 6, 50, 51 While there have been many studies reported on theoretical modeling [52] [53] [54] [55] or experimental design on ABC triblock copolymers, [56] [57] [58] there have been no experimental reports on the structural changes of ABC triblock spheres in the thin films.
Herein we utilize a solvent-annealing process under controlled humidity to induce ordering of films consisting of spherical domains of an ABC triblock copolymer. The surface layer of each film is actually a half-layer consisting of half-spheres at the surface with the bottom layer being a flat brush. We convert these films into nanoporous thin films by removing the blocks making up the spheres by UV degradation and determine the structural arrangement of these spherical domains in the films by using the complementary techniques scanning force microscopy (SFM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and grazing incidence small-angle X-ray scattering (GISAXS). The lattice packing of spherical domains in films consisting of 2 1 / 2 layers of spheres is bodycentered cubic (BCC); however, in thinner films consisting of either a half-layer or 1 1 / 2 layers of spheres, the structure is closepacked hexagonal (HEX). For the 2 1 / 2 layers of spheres with a BCC structure, we observe a square packing consistent with the film surface being a (100) plane. 65 S 433 , M w /M n ) 1.07) ABC triblock copolymers were synthesized using published methods. 40 In short, the material was synthesized by reversible addition fragmentation chain transfer polymerization (RAFT), in which a PEO RAFT macroinitiator was chain extended with PMMA, yielding a PEO-PMMA diblock copolymer macro chain transfer agent. Further chain extension with PS resulted in the desired ABC triblock copolymers. The number-average molecular weight M n of each segment was determined by proton NMR based on the known M n of the PEO macroinitiator and the characteristic signals corresponding to EO, MMA, and S units. The polydispersity index was obtained from gel permeation chromatography, which was performed in THF using a Waters chromatography system, equipped with four 5 µm Waters columns (300 × 7.7 mm) connected in series with increasing pore size (100, 1000, 10 000, and 1 000 000 Å), a Waters 410 differential refractometer index (DRI), and 996 photodiode array detectors, calibrated with linear PMMA and PS standards.
Preparation of Thin Films. The PEO-b-PMMA-b-PS triblock copolymers were spin-coated from benzene solutions onto silicon substrates coated with a 100 nm thick silicon oxide layer. The film thickness was controlled by simple adjustment of the solution concentration. The thin films were then solvent annealed under controlled humidity as illustrated in Scheme 1. The films were annealed overnight under saturated benzene vapor supplied by a neighboring solvent reservoir in a sealed chamber, an upside-down glass container on a larger Petrie dish, all of which was placed in a larger glovebox. The initial relative humidity in the sealed chamber was ∼40%, the ambient humidity initially outside the glovebox. The inside of the glovebox was maintained at a constant relative humidity (RH) by flowing moist air from a humidifying system through it before placing the sealed chamber in it. Once the solvent annealing time had elapsed, the upside-down glass container was removed from the Petrie dish inside the much larger glovebox, thus allowing the benzene in the swollen film to evaporate under a given RH condition. Our earlier experiments demonstrated
Scheme 1. Illustration of PEO-b-PMMA-b-PS Thin Film Solvent Annealing with Controlled Humidity
that keeping the relative humidity at ∼90% induces good lateral ordering of surface PEO domains. 40 After the solvent annealing process, selected films were exposed to deep UV light (254 nm) at a dose of 25 J cm -2 (XX-15S, UVP Inc.) under vacuum for 10 min followed by washing with acetic acid and water. The structure of other films was probed without UV degradation and washing.
Scanning Force Microscopy (SFM). Tapping mode SFM experiments were carried out using either a Multimode Nanoscope III system (Digital Instruments, Santa Barbara, CA) or a MFP-3D stand-alone system (Asylum Research, Santa Barbara, CA). The measurements were performed using commercial Si cantilevers with a nominal spring constant and resonance frequency equal to 48 N/m and 190 kHz, respectively, or 3 N/m and 60 kHz, respectively (ACL or FORTA, Applied Nanostructures, Santa Clara, CA). The height and phase images were acquired simultaneously at the setpoint ratio A/A 0 ) 0.9-0.95, where A and A 0 refer to the "tapping" and "free" cantilever amplitudes, respectively.
Scanning Electron Microscopy (SEM).
Top-view and crosssection experiments were carried out with an FEI XL40 Sirion FEG microscope operating at an acceleration voltage of 5 kV. The secondary electron image was collected in ultrahigh-resolution mode at a working distance of 5 mm.
Transmission Electron Microscopy (TEM). Block copolymer films on silicon wafers covered by a 100 nm thick layer of oxide were immersed in a 10 wt % HF solution and transferred to a water bath, floated off of the substrate, and placed on a Cu grid. Measurements were conducted with a FEI Tecnai G20 operating at 200 kV. Films were imaged either normal to or at various angles to the film plane to determine the three-dimensional lattice symmetry of the spherical domains.
X-ray Reflectivity. The total thickness of spin-coated films was measured by X-ray reflectivity using a Philips X'Pert MRD operating at a wavelength of 0.154 nm (Cu KR). The reflectivity for each sample was fit using the Parratt procedure through the X'Pert Reflectivity simulation software to obtain the total film thickness.
Grazing Incidence Small-Angle X-ray Scattering (GISAXS). GISAXS experiments were conducted at the XOR Beamline 8-ID-E at the Advanced Photon Source (APS) of Argonne National Laboratory, at an X-ray energy of 7.35 keV (λ ) 0.1675 nm). The sample is irradiated at a fixed incident angle on the order of a tenth of a degree, and the off-specular scattering is recorded with a 2D MAR-CCD detector with a resolution of 79 µm per pixel at a distance of 1900 mm from the sample. Exposure times under these conditions ranged from 1 to 30 s. Several measurements from each incident angle were summed to provide a signal well above the background. The strong specular reflection from the samples is blocked by a lead beam stop. Each data set is stored as a 2048 × 2048 16-bit TIFF image.
Results
The synthesis of well-defined ABC triblock copolymers PEOb-PMMA-b-PS was reported earlier. 40 The copolymer chosen for this study has a 10% volume fraction of PMMA and 8% of PEO. Such low fractions of PMMA and PEO ensure the formation of spherical core/shell PEO/PMMA domains embedded in a PS matrix after solvent annealing. The ABC copolymer solution in benzene was spin-coated onto silicon substrates, and the thicknesses of the as-cast films investigated here were 43, 71, and 117 nm, corresponding to solution concentration 1.0, 1.5, and 2.5 wt %, respectively. These thicknesses were determined by X-ray reflectivity. The as-cast films were subjected to solvent annealing under saturated benzene vapor overnight followed by rapid solvent evaporation in a humid atmosphere with relative humidity controlled to ∼80-90% at room temperature. After the solvent annealing process, the surface morphology of the films was visualized with the aid of high-resolution scanning force microscopy. Figure 1 shows a 4 µm square SFM phase image from the 117 nm thick solvent-annealed films. The films exhibited mechanically lossy round features within the PS matrix with high orientational ordering. Grain sizes were in the range of 1-2 µm. Remarkably, the ordered domains exhibited square packing instead of the typical hexagonal ordering observed in most spherical or cylindrical block copolymer films. Magnified regions with very few defects on the surface of the thin films confirmed the formation of a single crystal of square domain arrays as indicated from the associated Fourier transform. Such unusual square packing was observed with repeated solvent annealing experiments under controlled high humidity. Imaging by both open-loop and closed-loop controlled scanners (Nanoscopic multimode vs MFP-3D) under different tapping conditions (light and hard tapping) excluded the possibility of the square packing being caused by tip artifacts or scanner piezo drift. We believe that this is the first time that square packing of domains has been observed on the surface of a single component ABC triblock copolymer. AB diblock copolymers or ABC triblock copolymers with cylinder domains, with cylinders normal to the film plane normally have a hexagonal arrangement on the surface, although square arrays of perpendicular cylinders in very thin films on square patterned substrates have been recently reported. 59 Initially, it was suspected that the PEO-b-PMMA-b-PS system in this study also adopted a "cylindrical structure" perpendicular to the surface. Further experimental evidence, as outlined in detail in the following sections, revealed that the surface domains were half-spheres, not cylinders, and that films with multiple layers consisted of 1 1 / 2 and 2 1 / 2 layers of spheres. SFM topography (Figure 2 ) under light tapping showed square arrays of circular depressions (1-3 nm deep) and 20 nm in diameter within a more rigid matrix. While these depressions could indicate the intersections of PEOrich cylinder domains with the surface, the TEM results reported below show clearly that the domains are not cylinders.
In order to explore whether the square array occupied the entire film surface, we investigated the solvent-annealed films by optical microscopy. As shown in Figure 3 , films after solvent annealing were rougher than the as-cast ones and displayed some regions that were thicker than others. Large-scale SFM topographic imaging along the boundary between two such regions revealed that the lighter regions in the optical image are slightly thinner (about 10-20 nm) than the darker regions. Considering the overall thickness of 117 nm determined by X-ray reflectivity, the thickness of the lighter and darker regions was estimated about 105 ( 5 and 125 ( 5 nm, respectively. Imaging in the lighter and darker regions revealed the formation of completely different packings: the thinner, lighter regions were dominated by square packing, while the thicker darker regions were mostly occupied by hexagonal packing. High-resolution SFM images (4096 pixel × 4096 pixel by MFP-3D) of the lighter regions (not shown) clearly showed the square arrays persisting at least 20 µm. Further imaging near the boundary between these two regions observed a clear structural transition between square and hexagonal packing as indicated by both phase images and associated Fourier transforms (Figure 3) . It is worth noting that the grains of the hexagonal structure are larger than those of the square array.
The solvent-annealed films were subsequently characterized by TEM (Figure 4) . Even without staining, distinct contrast between bright round features and a dark matrix were observed. No regions of intermediate contrast were observed even after staining the matrix PS with RuO 4 . Our earlier work showed that under a humid atmosphere PMMA with molecular weight above 6000 g/mol should microphase separate from PEO segments with molecular weight 5000 g/mol. Given the PMMA molecular weight (6500 g/mol) of the current system, PEO and PMMA domains are expected to microphase separate to form a core-shell structure, especially in high-humidity conditions as water is a good solvent for PEO and a poor solvent for PMMA. We were not able to distinguish the PEO core and PMMA shell by TEM due to the low atomic number Z contrast between these two segments. Nevertheless, these microdomains showed highly ordered structures. TEM plan-view images also revealed two different packings: square and hexagonal. The center-to-center spacing of square and hexagonal arrays corresponds to 51 and 43 nm, respectively, which are in very good agreement with the SFM measurements. The TEM images also showed that the regions of hexagonal packing had a larger grain size than those of square packing. SFM and TEM techniques are able to characterize the local structure of block copolymer thin films on a scale of up to tens of micrometers. In order to obtain a macroscopic understanding of the structures of these thin films, we utilized grazing incidence small-angle X-ray scattering (GISAXS). Solvent-annealed films, 117 nm thick, were exposed to monochromatic synchrotron X-radiation (energy 7.35 eV) at an incidence angle 0.185°, which is above the critical angle for total reflection (∼0.16°) of the polymer film but below the critical angle (∼0.22°) of the silicon substrate. As can be seen from the 2-D GISAXS patterns in Figure 5 , the block copolymer films produced multiple streaklike scattering rods (offset in q z and along the q z direction normal to the plane), which seem to consist of two different scattering frameworks. Along the in-plane q z direction seven strong relative scattering peaks observed are q* hex , 3q* hex , 4q* hex , 7q* hex , 9q* hex , 12q* hex , and 13q* hex , corresponding to an in-plane hexagonal packing. The two shoulders next to the strongest scattering peaks have scattering vectors of q* sq and 2q* sq . If we consider 3q* hex and 4q* hex peaks to overlap 4q* sq and 5q* sq peaks, respectively, the four additional scattering vectors have ratios with q* sq of 1, 2, 4, and 5, which are consistent with an in-plane square packing. The periodic spacing corresponding to the strongest maximum, and the left shoulder of Bragg rods is about 43 and 50 nm (q y ) 0.147 and 0.126 nm -1 ), which are very close to those obtained from SFM and TEM measurements.
The solvent-annealed films were subjected to UV irradiation in order to partially cross-link the PS matrix and simultaneously degrade the PMMA domains, which were subsequently washed by acetic acid, yielding nanoporous films. Since the core PEO segments were connected to the PS with PMMA, they were potentially removed by acid washing simultaneously with the degraded PMMA residuals. SEM and TEM were used to investigate the plan-view structures of resulting nanoporous films. As shown in Figure 6 , plan-view, large-scale SEM images of gold-coated UV-degraded films unambiguously revealed the formation of two different regions similar to those observed by SFM. The lighter regions were composed of hexagonally packed spheres, while darker regions consisted of square-packed porous arrays. The darker round features corresponded to electrondeficient nanopores, which were surrounded by cross-linked PS domains (lighter matrix). A similar structural transition (from square to hexagonal) at the boundary of these two regions was also observed (not shown).
TEM characterization of these nanoporous films revealed similarities and differences compared to as-solvent-annealed films without UV irradiation. First, these films had regions of two different packing structures, square and hexagonal, similar to those seen in the SFM and SEM results. Further observation of the films, however, indicated that there were three projected levels of contrast in TEM images of the domains of both square and hexagonal regions: dark, gray, and white ( Figure 7 ). The dark, continuous regions are apparently cross-linked PS matrix. While the square-packed regions of as-solvent-annealed (not UV-degraded) films observed by SFM and TEM showed a simple square packing of circular domains, the TEM images of the square-packed regions in the nanoporous films reveal that each gray (white) domain is surrounded by four white (gray) domains. In the case of hexagonal packing, the gray and white regions consist of two alternate, almost perfect hexagonal arrangements, in which each gray (white) domain is surrounded by three white (gray) domains. However, the following TEM tilting and SEM cross-section experiments indicated that this packing is actually a result of stacking of multilayers of spheres in conjunction with half-spheres at the film surface.
The above experiments were focused on the films with a thickness of 117 nm. Films with thickness 43 and 71 nm were also characterized by similar techniques. On the surface, both films after solvent annealing produced hexagonal structural packing as observed by SFM, SEM, and GISAXS. No square packing was observed. After UV degradation and acid washing, these structures preserved their original hexagonal packing. For films with thickness 43 nm, only white round features and dark matrix were observed in the TEM images (Figure 8 ), which are similar to the TEM images of as-solvent-annealed films without UV irradiation, although the contrast between the two regions was stronger due to higher Z contrast after UV degradation. Films 71 nm thick after UV irradiation had three different regions, similar to those observed from 117 nm thick films subject to the same treatment.
In order to understand the complex structures observed by SFM, TEM, and SEM plan-view studies and to further characterize the 3-dimensional internal structures of the films, we carried out TEM tilting and SEM cross-section experiments on nanoporous films. Figure 9 shows the films with thickness 117 nm tilted at 0°(plan view), 45°, and 57°. A region with an artifact (shown by the arrow) was chosen intentionally in order to mark the region so that it could be followed and kept in view while tilting. For films tilted at any angle (images from other angles are not shown), no elongated features were observed, indicating that the films consisted of spheres rather than cylinders. Two different regions were carefully tracked as marked with purple and blue frames in Figure 9 . Simulated TEM images for different assumed structures were compared with the experimental images. The calculated projections assumed 2 layers of full spheres and 1 layer of half-spheres at the surface. The 45°view is a rotation about a 〈001〉 axis and corresponds to a 〈110〉 projection, while the 57°view is a rotation about a 〈0 j 11〉 axis and corresponds to a 〈111〉 projection of the BCC layer. The simulated structures are in good agreement with experimental data, indicating the buried spheres (and surface half-sphere) are organized on a BCC lattice with its (100) plane parallel to the film surface. Figure 10 compares the simulated structures with experimental observations of films with thicknesses of 71 and 43 nm. The films 43 nm thick were clearly composed of one layer of hexagonally arranged half-spheres as no second layer was observed after tilting. Note that the large hole artifact on the left of the image is brighter than the half-spheres since these spheres do not penetrate through the film. Films 71 nm thick, however, contained one layer of full spheres and one layer of half-spheres, again with a hexagonal lattice, which exhibited an AB stacking.
As shown in Figure 11 , cross-section SEM images confirmed that no porous channels from the surface to the substrate were observed, indicating these ordered pores are not cylinders. These images further demonstrated that concave half-spherical pores were formed on the surface of each film. The pore on the surface is empty, indicating the efficient UV degradation and acetic acid washing. Films only 43 nm thick exhibited one layer of halfsphere pores on the surface, consistent with a monolayer of halfspheres observed by TEM tilting experiments. Films 71 nm thick consisted of a half-sphere layer on the surface and a full layer embedded underneath, which is in good agreement with the tilting experiments. Films 117 nm thick had a half-sphere layer on the surface and two layers embedded in the matrix underneath.
Discussion
The TEM tilt series and the SEM cross sections reveal that the PEO-b-PMMA-b-PS thin films consist of a surface layer of PEO spheres plus layers of whole spheres whose number and in-plane structure depend on film thickness. This raises interesting questions such as why half-spheres are present on the surface of all films. In addition, why for a unique thickness is a BCC structure with the (100) parallel to the surface observed when for thicknesses both below and above that a hexagonal structure is seen?
In order to answer these questions, one must address the mechanisms of the formation of block copolymer thin film morphology as a result of solvent annealing under high humidity. The fact that the hydrophilic PEO block domains, 40 or blocks that are expected to prefer to include PEO additives, 42 are located at the surface of films formed by rapid evaporation of the solvent only under high-humidity conditions, even though the surface energy of PEO is higher than the PS matrix, suggests the critical role of water. While the exact mechanism is not yet completely clear, we reason that there are two possible mechanisms. In the first mechanism water absorption would lead to an increased effective Flory-Huggins parameter between water and solvent containing PEO domains and other two solvent swollen domains. When the films are exposed to the humid atmosphere, the water primarily swells the hydrophilic PEO domains, perhaps expelling some of the benzene solvent from these. Such swelling would drive microphase separation at the surface where the solvent concentration is the lowest as the solvent evaporates. The gradient of solvent concentration perpendicular to the surface would be a driving force to cause the microphase separation to propagate directionally from the surface down into the whole film. [37] [38] [39] In this scenario the lateral order of domains at the surface develops while the film is still swollen, even perhaps before the evaporation of solvent begins. 60, 61 The increasing interaction between PEO and PMMA under high humidity was confirmed by the microphase separation observed in an earlier report. 40, 41 In the melt, PEO and PMMA segments are miscible with close to 0. The other possible mechanism could be analogous to the widely observed breath figure (BF) formation on drop-cast polymer films. [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] In earlier publications, 41, 42 we proposed the possibility that water condensation onto the PEO-based block copolymers leads to PEO domain ordering. After solvent annealing, the solvent evaporation causes the cooling of the film surface. As cooling proceeds, PEO concentrations near the swollen film surface could lead to heterogeneous nucleation of very small water droplets. These water droplets attract other hydrophilic PEO chains, leading to water swollen PEO block domains at the surface. The tiny water droplets are attracted to each other by any deformation of the swollen film surface they caused, by the flow of solvent vapor between them, and even by van der Waals forces. However, if the droplets with their water swollen PEO domains approach each other too closely, they are repelled by the solvent swollen PS-b-PMMA corona brush attached to the PEO domain. This combination of attractive forces at long range and repulsive forces at short range could give rise to the ordering of the PEO surface. The first layer of water swollen PEO domains can then act as a template to control the packing of buried layers, yielding a multilayer ordered structure. Once water evaporates from the PEO domains (the water is much less volatile than the solvent and thus leaves last), a layer of half-spheres of PEO is created on the surface but with an indentation in its center due to the removal of the water. It is possible that one or the other or even both of these mechanisms operates in this case; further experiments will be necessary to distinguish between them. However, it is clear that in some cases, i.e., block copolymers of isoprene and polylactic acid, that solvent annealing under conditions that produce just the correct swelling by the solvent that water is unnecessary, and thus the first mechanism presumably operates. 60, 61 The packing of spheres on the surface will be influenced by the film thickness as it increases from monolayer to multilayer dimensions. When the thickness is not commensurate with the stacking of the layered structure in thermally equilibrated films, the formation of islands and holes is usually observed. Under the solvent swollen conditions obtaining in solvent annealing, the large surface tension makes it very difficult to form full height islands or holes in the hexagonal structured film. As shown in Figure 3 , the films with the as-spun thickness of 117 nm exhibited characteristic thickness variations in order to accommodate the formation of different layered structures. It has been established that the equilibrium lattice structure of spheres in thin films is the one that minimizes the unfavorable conformations arising from the deformation of the longest chains to uniformly fill the matrix space. 27 For thermally equilibrated diblock copolymer films 4 layers or less thick, spheres pack on a HCP lattice. 30 Our results for the solvent annealed PEO-b-PMMA-b-PS films where solvent is evaporated under highhumidity conditions are different. For thin films containing a single layer of half-spheres (43 nm thick) or a layer of halfspheres and a layer of full spheres (71 nm thick), the lattice is hexagonal. Assuming the diameter of the spheres and the thickness of a wetting layer on the substrate are 20 ( 5 and 30 ( 5 nm, respectively, the thickness of a layer of half-spheres would be 10 ( 2.5 nm plus brush of PS-b-PMMA attached to the spheres, and the thickness of a layer of half-spheres and a layer of full spheres would be 47 ( 5 nm, as shown in Scheme 2a,b. However, when the films reach three layers, the fact that the initial thickness is not exactly commensurate with the thickness of any of the structures results in coexistence of two different structures so as not to require nucleation of full thickness holes of the hexagonal structure. A BCC structure is observed in some regions of the films that were 117 nm thick as-spun. Hexagonal packing (Scheme 2d) is no longer the only arrangement on the surface, particularly in thinner regions of the films. In such regions, the film adopts a square packing of PEO spheres on the surface corresponding to the (100) plane of an underlying BCC structure as shown in Scheme 2c.
Conclusions
Thin films of spherical core/shell ABC triblock copolymers were treated by solvent annealing under high humidity and subsequently irradiated by UV light to degrade PMMA segments. These films were investigated with the aid of scanning force microscopy, scanning electron microscopy, transmission electron microscopy, and grazing incidence small-angle X-ray scattering. The structure packing on the surface is strongly influenced by the film thickness. Monolayer (layer of halfspheres) and bilayer (1 1 / 2 layers of spheres) films were shown to have a close-packed hexagonal structure. Films with 3 layers (2 1 / 2 layers of spheres) exhibited coexistence of a close-packed hexagonal structure (in thick regions) and a square packing structure corresponding to the (100) plane of an underlying body-centered cubic (BCC) lattice (in thinner regions). A halfsphere layer was formed on the surface of all the films. Both half-sphere and ordered structures on the surface are believed to be a result of interaction between highly hydrophilic PEO segments and water under solvent evaporation and perhaps simultaneous water condensation.
